We investigated interactions of Aeromonas caviae, Aeromonas veronii biotype sobria and Aeromonas hydrophila strains, isolated from faecal specimens of humans with gastroenteritis, with HT29 intestinal epithelial cells. All strains were found to be cytotoxic to the cells. Bacterial infection caused generation of reactive oxygen species (ROS) and nitric oxide radical (NO ? 
INTRODUCTION
Bacteria of the genus Aeromonas are significant human pathogens that cause a variety of gastrointestinal and extraintestinal diseases in children and adults. The most common human disease associated with Aeromonas sp. is gastroenteritis with diarrhoea symptoms, usually mild watery, and self-limiting. However, there are cases of a haemorrhagic, mucoid and invasive Shigella-like dysenteric form. There have been reports of complications of intestinal infections including chronic colitis after gastrointestinal infection with Aeromonas spp.: association with pancreatitis, cholangitis and small bowel obstruction, a hepatobiliary disease which may cause fatal bacteraemia (Janda & Abbott, 2010) . The most prevalent species isolated from faecal specimens are Aeromonas caviae (75 %), followed by Aeromonas veronii biotype sobria and Aeromonas hydrophila (von Graevenitz, 2007) . Epidemiological studies suggested that there were differences in the predominant species depending on geographical area. Strains of A. caviae were predominantly isolated from children with diarrhoea in Europe (Szczuka & Kaznowski, 2004) . Strains of A. hydrophila predominated in Brazil, Thailand and Bangladesh (von Graevenitz, 2007) .
Several factors probably play an important role in the pathogenesis of Aeromonas spp. However, the exact mechanism is not sufficiently understood. The bacteria produce a broad array of virulence factors, including cytotonic and cytotoxic enterotoxins, cytolytic toxins with haemolytic activity, lipases and proteases. One of the important toxins is cytolytic toxin, which was isolated and partially characterized in our laboratory. The toxin produced by isolates of A. hydrophila and A. veronii biotype sobria showed haemolytic, cytotoxic and cytotonic activities (Krzymiń ska et al., 2006) . Galindo et al. (2006) suggested that the cytotoxic enterotoxin of A. hydrophila activates arachidonic acid metabolism in murine macrophages and intestinal epithelial cells, resulting in production of prostaglandin E, activation of adenylate cyclase and formation of cAMP. These mediators could be responsible for Aeromonas-associated gastroenteritis.
There is increasing evidence that microbial pathogens induce oxidative stress in host cells, and this may represent Recent studies have shown that many bacterial pathogens can trigger apoptosis of infected host cells. There is growing evidence that apoptosis of the cells plays an important role in modulating the pathogenesis of a variety of infectious diseases. We have previously demonstrated that the interaction of Aeromonas spp. with macrophages leads to death of the cells through apoptosis. The process is characterized by phenotypic changes of the nucleus, involving chromatin condensation and nuclear fragmentation, with cell shrinkage and breaks into apoptotic bodies (Krzymiń ska et al., 2009a) .
Oxidant-induced DNA damage can activate a major mechanism regulating apoptosis, including the intrinsic pathway mediated by the mitochondria. Rudel et al. (2010) suggested that these organelles play a fundamental part in the regulation of apoptotic cell death. The crucial step in mitochondria-regulated apoptosis is the permeabilization of the outer membrane accompanied by the loss of the mitochondrial membrane potential (DY m ), which is used as an indicator of apoptosis.
Since epithelial cells of the intestine are the primary targets of enteropathogens' virulence factors, we investigated the effect of Aeromonas strains on human epithelial cells originating from the HT29 cell line. The involvement of oxidants in the response to infection of epithelial cells by Aeromonas spp. remains poorly documented. To clarify the mechanism by which the bacteria induce intestinal eptithelial injury, we examined the relationship between the cytotoxic activity, production of ROS and NO ? and apoptosis of intestinal epithelial cells caused by A. hydrophila, A. veronii biotype sobria and A. caviae.
METHODS
Bacterial strains. A total of 31 Aeromonas spp. strains were used in the study: nine A. veronii biotype sobria (MPU A382, MPU A387, MPU A389, MPU A391, MPU A392, MPU A524. MPU A551, MPU A552, MPU A553), 19 A. caviae (MPU A375, MPU A376, MPU A377,  MPU A378, MPU A379, MPU A380, MPU A383, MPU A384, MPU  A385, MPU A386, MPU A388, MPU A390, A393, MPU A502, MPU  A510, MPU A544, MPU A547 , MPU A549, MPU A550) and three A. hydrophila (MPU A541, MPU A542, MPU A543). The strains originated from the Aeromonas spp. Collection of the Department of Microbiology, A. Mickiewicz University, Poznań , Poland. They were recovered from faecal samples of patients suffering from gastroenteritis and were identified on the basis of their phenotypic properties, confirmed by DNA-DNA hybridization (Szczuka & Kaznowski, 2004) , and by the 16S rDNA RFLP method described by Figueras et al. (2000) . The strains were stored at 275 uC in brain heart infusion broth (BHI, Difco) containing 50 % (v/v) glycerol.
HT29 monolayers (see below) were infected separately with E. coli K-12 C600 as the negative control and with partially purified cytotoxic enterotoxin from a A. veronii biotype sobria MPU A552 (35 mg ml 21 ) as a positive control. The concentration of enterotoxin was the minimum that caused 50 % lysis of 1 % human erythrocytes (Krzymiń ska et al., 2006) .
Purification of cytolytic enterotoxin. The enterotoxin was partially purified from A. veronii biotype sobria MPU A552 as described by Krzymiń ska et al. (2006) . The strain was grown for 24 h in tryptic soy broth (TSB, Difco) supplemented with 0.6 % yeast extract (TSB-YE). The culture was centrifuged at 8000 g for 50 min, and the supernatant was precipitated in (NH 4 ) 2 SO 4 to 60 % saturation. The precipitate was centrifuged at 8000 g for 50 min at 4 uC. The pellet was dissolved in 1 M (NH 4 ) 2 SO 4 , dialysed in PBS, then applied to a Phenyl-Sepharose CL-4B column and washed with 1 M (NH 4 ) 2 SO 4 until the A 280 nm reached 0. Bound protein was eluted with a decreasing linear gradient from 1 M to 0 (NH 4 ) 2 SO 4 and fractions of 3 ml volume were collected (GradiFrac, Pharmacia).
Human intestinal epithelial line and culture conditions. Human colon adenocarcinoma epithelial cells (HT29) were obtained from the Institute of Biotechnology and Food Microbiology, Poznań University of Life Sciences. They were kept in liquid nitrogen at 2196 uC until they were thawed at 37 uC for use. The cell suspension was transferred into Dulbecco's minimum essential medium (GM) with 10 % fetal calf serum (FCS) and 2 mM glutamine and were incubated at 37 uC in an atmosphere of 5 % (v/v) CO 2 The medium was changed every 24 h. The cells were harvested by trypsinization and counted with a Bürker haemocytometer. HT29 suspension was seeded at 2610 6 cells ml 21 into six-well plates (Nunc) and incubated at 37 uC (Falcó n et al., 2001).
Detection of virulence genes. Genomic DNA was isolated using a lysing method with guanidium thiocyanate (Pitcher et al., 1989) . We detected the cytolytic enterotoxin gene by a PCR-RFLP method (Kingombe et al., 1999) using primers AHCF1 (59-GAGAAGGTG-ACCACCAAGAACA-39) and AHCR1 (59-AACTGACATCGGCCTT-GAACTC-39) (Oligo.pl, Poland). PCR amplifications were done in a 50 ml volume with 1 mg template DNA, 5 ml 106 PCR buffer with NH 4 (SO 4 ) 2 , 0.6 mM of each primer, 200 mM dNTP mix, 2.5 mM MgCl 2 , and 2 U Hi-Fi Taq polymerase (Fermentas). The PCR products were separated in 1.5 % agarose gel, stained with ethidium bromide, visualized under UV light and digitized with a Bio-Print V.99 system (Vilbert-Lourmat). Purified amplicons were digested with HpaII endonuclease (Fermentas) for 16 h at 37 uC. The fragments were separated in 15 % polyacrylamide gel. The 232 bp PCR product yields three types of RFLP pattern: RFLP 1 and RFLP 3 specific for the haemolysin gene, and RFLP 2 specific for the haemolysin and enterotoxin genes (Kingombe et al., 1999) .
In addition a specific haemolysin (cytolytic toxin) gene of a clinical A. caviae strain was determined by PCR analysis with primers CAV1a (59-GAGCCAGTCCTGGGCTCAG-39) and CAV1b (59-GCATTCT-TCATGGTGTCGGC-39). The PCR was done according to Wang et al. (1996) . The experiments were performed in duplicate.
Preparation of bacterial cell-free supernatants. For preparing bacterial filtrates, the strains from storage were cultured in BHI broth for 24 h at 37 uC. Then the cultures were grown in TSB-YE in a shaking incubator with agitation at 300 r.p.m. at 37 uC for 24 h (Falcó n et al., 2001) . After centrifugation at 2000 g for 20 min, the supernatants were sterilized by passage through 0.22 mm pore-size membrane filters (Millex-GV, Millipore).
Cytototoxic activity of Aeromonas spp. against HT29 cells measured by MTT assay. An assay which assessed mitochondrial dehydrogenase activity was used as a marker of cytotoxic activity of Aeromonas spp. strains to HT cells. The activity was evaluated by the enzymic reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) to formazan crystals, as previously described (Krzymiń ska et al., 2009b) . Briefly, the cell monolayer was incubated with culture supernatant and cytolytic enterotoxin for 24 h. Next, the culture medium was removed and the cells were washed with PBS, followed by addition of 200 ml MTT, and incubated for 3 h at 37 uC. The medium was discarded and the cells were lysed in a mixture of 2-propanol and 1 M HCl (Guimarães et al., 2002) . After 90 min of infection the medium was replaced by medium containing 100 mg gentamicin ml 21 for 2 h at 37 uC to kill extracellular bacteria. After washing three times in PBS, the cells were incubated in GM without gentamicin. Preliminary experiments showed that all the strains of Aeromonas spp. were gentamicin sensitive and unable to grow in medium containing the antibiotic at a concentration of 50 mg ml 21 or less.
Fluorimetric detection of intracellular oxygen metabolites by the redox-sensitive dye method. At 24 and 48 h after infection HT29 cells were detached using 0.25 % trypsin and 0.25 % EDTA in PBS, and the cell suspension was stained with 4 mM 29,79-dihydrodichlorofluorescein diacetate (DCFH 2 -DA) for 15 min at 37 uC (Rinaldi et al., 2007) . Next, the cells were centrifuged at 200 r.p.m. for 5 min, the supernatant discarded and the cells resuspended in PBS. DCFH 2 -DA freely enters the cell and is cleaved by cellular esterases to the nonfluorescent DCFH 2 . The fluorescein (DCFH) is easily oxidized by extramitochondrial oxidants such as H 2 O 2 and other radical species, like peroxynitrite and peroxide anion, hydroxyl and peroxyl radicals, and hypochlorous acid, but not superoxide anion, to a fluorescent dye, DCF (Rinaldi et al., 2007; Ding et al., 2007) . The production of ROS has been shown to be proportional to the fluorescence intensity, which was measured on a Synergy HT multi-mode microplate reader (Bio Tek Instruments) at an excitation wavelength of 485 nm and an emission wavelength of 528 nm. The data were presented as fluorescence units (FU).
Determination of nitric oxide radical (NO . ) in culture supernatants. Nitric oxide radical is rapidly converted to the stable end product, nitrite (NO 2 2 ), whose concentration in culture supernatants was quantified using the Griess reaction (Curtin et al., 2002) . Briefly, 100 ml supernatant was mixed with 50 ml 80 mM sulfanilamide in 2 M HCl and 50 ml 4 M N-(1-naphthyl)ethylenediamine dihydrochloride in water and incubated at room temperature for 10 min, and absorbance was determined at 546 nm. The amount of NO ? was calculated by comparison with a standard curve prepared by using 0.5-200 mM NaNO 2 .
Inhibition of inducible nitric oxide synthase activity and effect of antioxidants. To inhibit NO ? production, aminoguanidine (Sigma), a structural analogue of L-arginine, and an inhibitor of inducible NO ? synthase (iNOS) was used (Nilsson, 1999) . A monolayer of HT cells was also incubated for 24 h with antioxidants: catalase (10 U ml 21 ) or 30 mM tocopherol (Sigma). The supernatants were removed and the cells were exposed to a suspension of Aeromonas bacteria in GM. The inhibitors were included in all media throughout the experiment. Mitochondrial membrane potential of infected cells treated with the antioxidants and without them was determined.
Assessment of mitochondrial membrane potential (DY m ). To examine the involvement of mitochondria in apoptosis induced by Aeromonas spp., we determined changes in mitochondrial membrane potential. The maintance of the electrochemical gradient (DY m ) across the mitochondrial inner membrane is essential for driving ATP synthesis during respiration (Galluzzi et al., 2007) . The loss of DY m was monitored with a laser scanning confocal microscope in combination with potentiometric fluorescence of the dye tetramethylrhodamine ethyl ester (TMRE, Sigma). The fluorescent dye enters cells and binds to mitochondria with high DY m . The dye is released from the mitochondria when the potential dissipates during depolarization. Infected and control cells were trypsinized and stained with 10 nM TMRE for 2 min at room temperature. After washing with PBS, the cells were imaged with an Axiovert 200M (Zeiss) laser scanning confocal microscope at exitation wavelength 568 nm and emission wavelength .590 nm by using a long-pass emission filter (Galluzzi et al., 2007; Antigny et al., 2009 ).
Assessment of apoptosis. To investigate whether the oxidative stress developed as a result of Aeromomas spp. infection leads to the apoptosis of epithelial cells, morphological and biochemical markers for apoptosis were studied.
Morphological markers of apoptosis were detected using fluorescence microscopy at 24 and 48 h after infection. The monolayers of infected HT29 cells, and negative and positive controls, were detached using 0.25 % trypsin and 0.25 % EDTA in PBS. The cell suspension was stained with acridine orange (100 mg ml 21 ) and ethidium bromide (EB, 100 mg ml 21 ) (Superti et al., 2005) , and examined under a fluorescence microscope (Nikon Eclipse TE-2000) . Each sample was analysed twice in duplicate by counting at least 100 cells per replicate. The cells were scored as viable, apoptotic or necrotic. The percentages of apoptotic and necrotic cells, represented as apoptotic and necrotic indices, were determined by counting a minimum of 100 cells selected at random from three preparations (Falcó n et al., 2001) . The HT29 monolayer was infected separately with E. coli K-12 C600 as negative control and with partially purified cytotoxic enterotoxin from A.veronii biotype sobria MPU A552 as positive control.
DNA fragmentation was used as a biochemical marker of apoptosis and was assessed according to the method described by Krzymiń ska et al. (2009b) . Infected cells and controls were lysed with a buffer containing 100 mM NaCl, 10 mM Tris/HCl, 1 mM EDTA, 1 % SDS and 200 mg proteinase K ml 21 , pH 7.5, for 16 h at 37 uC. Lysates extracted with an equal volume of phenol/chloroform/isoamyl alcohol (25 : 24 : 1, by vol.) and once with an equal volume of chloroform/isoamyl alcohol (24 : 1, v/v), precipitated overnight at 220 uC in 2 vols ethanol in the presence of 1 M NaCl and recovered by centrifugation at 10 000 g for 20 min. The pellet was air-dried, resuspended in TE buffer (10 mM Tris/HCl pH 8.0, 1 mM EDTA) and digested with 2 mg RNase ml 21 . Electrophoresis was performed with 1.5 % agarose gel Basica LEGQT (Prona) at 120 V for 3 h. Gene Ruler 100 bp DNA Ladder (MBI Fermentas) was used as a size marker. The DNA stained with ethidium bromide was visualized under UV light and digitized with a Bio-Print V.99 system (VilbertLourmat).
Inhibition of apoptosis. To determine the involvement of caspases in apoptosis induced by Aeromonas spp., HT29 cells were treated with the broad-spectrum, cell-permeable caspase inhibitor Z-Val-Ala-Asp-(O-methyl)fluoromethylketone (z-VAD-fmk, R&D Systems). The inhibitor was dissolved in DMSO and stored at 220 uC, and diluted in PBS for experiments. The monolayer of epithelial cells was pretreated with the inhibitor (100 mM) for 90 min before infection, during Aeromonas infection and for 24 h after infection. Two types of assays were used to evaluate apoptosis: estimation of the mitochondrial membrane potential revealed by TMRE fluorescence and estimation of the percentage of apoptotic cells after staining with acridine orange and ethidium bromide.
Statistical analysis. Data are presented as means±SD from two independent experiments performed in duplicate. A one-way analysis of variance (ANOVA) with Tukey's post-hoc test at the significance level P,0.05 was performed. Linear regression analysis was used to examine pairwise correlation between apoptotic index, cytotoxicity, ROS, NO and DY m ; the Pearson correlation coefficient was determined. P-values ,0.05 were considered statistically significant. The statistical analysis was performed using Statistica PL software (StatSoft Poland).
RESULTS AND DISCUSSION

Incidence of virulence genes
The multivirulence cytolytic enterotoxin gene encodes the major virulence factors in the genus Aeromonas (Kingombe et al., 1999) . Primers AHCF1 and AHCR1 were used to detect the gene because they display 100 % homology with the A. hydrophila cytolytic enterotoxin gene and an extracellular haemolysin gene. Two (MPU A502, MPU A510) of the 19 A. caviae strains and all three A. hydrophila strains (MPU A541, MPU A542, MPU A543) gave the 232 bp amplicon. PCR-RFLP with endonuclease HpaII revealed one type of amplicon, PCR-RFLP 2, specific for haemolysin and enterotoxin genes, exhibiting three restriction fragments of 18, 66 and 148 bp for each of the above strains.
Many studies on virulence genes of diarrhoeagenic Aeromonas strains have shown that isolates harbouring the aerolysin toxin gene are potentially diarrhoeagenic in vivo (Janda & Abbott, 2010) . Wang et al. (1996) used other primers which targeted the haemolysin gene of A. caviae (aer) and other Aeromonas species. In the present study all nine A. veronii biotype sobria strains gave the specific 760 bp PCR product. Previously, Wang et al. (1996) found that 6 (17 %) of the 35 A. caviae isolates examined possessed the aer gene and that all clinical strains of A. hydrophila and A. veronii biotype sobria were negative. Kannan et al. (2001) reported that of 602 faecal samples collected from patients with diarrhoea, 68 (11.3 %) isolates harboured the aer gene.
Cytotoxic activity of Aeromonas spp. to HT29
We determined the effects of Aeromonas infection on HT29 cell viability. Mitochondrial dehydrogenase activity was used as a marker of oxidant stress caused by cytotoxic activity of the strains. All strains were cytotoxic to HT29 cells after 24 h infection. However, the degree of cytotoxicity varied ( Table  1 ). The highest cytotoxic activity, above 60 %, was observed for five of the nine A. veronii biotype sobria strains with aer genes, three A. hydrophila and one A. caviae with cytotoxic enterotoxin and haemolysin genes. Our earlier study revealed that 70 % of A. caviae strains showed cytotoxic activity to Chinese hamster ovary (CHO) and African monkey kidney (Vero) cells (Krzymiń ska et al., 2003) .
Cytolytic enterotoxin produced by strains of Aeromonas spp. is a potent virulence factor, which plays a crucial role in the pathogenesis of gastroenteritis. The toxin isolated from A. veronii biotype sobria strain MPU A552 induced 100 % cell lysis after 24 h incubation. E. coli K-12 C600, the negative control, was not cytotoxic to HT29. In our previous studies we noticed that the toxins produced by Aeromonas strains have cytotoxic and cytotonic activities against Vero and CHO cells, haemolytic activity against human erythrocytes, and cytotoxic activity against mam- Infection with Aeromonas spp. was associated with an increase in DCF fluorescence compared to the levels in negative control cells, indicating increased production of intracellular ROS. The data obtained by fluorescence intensity showed an increase proportional to the incubation time (Table 2 ). The ROS production in the Aeromonas-infected cells at 24 h after infection was in the range from 10.2±2.8 to 83.9±6.9 FU and was higher in comparison with the negative control (5.6±1.7 FU). At 48 h after infection the ROS generation was in the range from 48.6±5.7 to 159.3±15.7 FU, whereas in the control cells the level of fluorescence was 12.7±3.8. The treatment of HT29 cells with increasing concentrations of H 2 O 2 resulted in a dose-dependent increase in levels of DCF fluorescence (Fig. 1) . This suggests that the increased DCF fluorescence in Aeromonas-infected cells was largely due to H 2 O 2 as a major contributing ROS species. Cytotoxic enterotoxin isolated from A. veronii biotype sobria MPU A552 induced DCF fluorescence of 121±28.4 FU at 24 h, indicating high ROS production (Fig. 1) .
Culture supernatants from infected epithelial cells were also tested for nitrite, which is the final product of the NO ? oxidation pathway (Table 2 ). All the Aeromonas strains induced NO
? to levels higher than that in the negative control (0.5±0.1 mM at 24 h, 0.9±0.08 mM at 48 h). The 10 strains for which the highest NO ? production, 18-32 mM, was detected in infected HT29 cell supernatants showed lower concentrations (12.1-29.3 mM) at 48 h. The cells incubated with cytolytic enterotoxin produced 0.12 mM NO
? at 24 h.
Although epithelial cells are not professional phagocytes, they generate H 2 O 2 , nitric oxide, superoxide anion radicals and other ROS. The formation of free oxygen and nitrogen radicals and non-radicals is known to play an important role in cytotoxicity (Niki, 2009 ). Our results indicated that Aeromonas infection of epithelial cells induced production of increased levels of NO ? , H 2 O 2 and probably other ROS which take part in oxidizing DCFH. The highest cytotoxic activity revealed the strains with high radical production. We have demonstrated that the interaction of cytolytic enterotoxin isolated from A. veronii biotype sobria with epithelial cells results in the highest induction of ROS and NO ? . By contrast, the non-pathogenic E. coli K-12 C600 had no effect on intracellular radical production. At 48 h after infection the highest ROS production was observed in cells infected with three A. hydrophila strains, all nine A. veronii biotype sobria strains and seven of the 19 A. caviae strains.
The oxidative stress may be generated in either mitochondrial or extramitochondrial locations. The extramitochondrial oxidative stress is the main consequence of the infiltration of the subepithelial intestinal lamina propria by phagocytes, which produce large amounts of ROS as a host defence reaction. Mitochondria are one of the most important sources of the intracellular superoxide anion generated during electron transport (Ježek & Hlavatá, 2005) . Galindo et al. (2006) reported that treatment of human epithelial cells with cytotoxic enterotoxin isolated from A. hydrophila caused production of NO ? and other ROS. Our results indicated a decrease of NO
? at 48 h after infection. Kim et al. (2001) suggested that NO ? is unstable in the presence of oxygen and ROS, which generated reactive nitric oxide species (RNOS), including peroxynitrite, nitrogen didoxide, dinitrogen trioxide and dinitrogen tetroxide, which are more powerful oxidative agents than either superoxide or NO ? alone. These radicals caused lipid peroxidation which induced disturbance of membrane organization, modification of proteins and DNA, and injury in tissue, and can induce cell death (Circu & Aw, 2010; Rudel et al., 2010) .
Inhibition of ROS and NO
? generation
To determine the role of ROS and NO ? in Aeromonasinduced signalling, HT29 cells were incubated with exogenous antioxidants (tocopherol and catalase) and an inhibitor of iNOS, aminoguanidine. Treatment with tocopherol caused elimination of oxygen radicals, both ROS and NO ? , to the mean level observed in the control cells. Incubation with catalase, which converts H 2 O 2 to water and molecular oxygen, caused the ROS levels in Aeromonas-infected cells to be lowered by approximately 83 % (P,0.01) in comparison with the control cells. This suggests that other ROS may be responsible for the increase of DCF fluorescence in HT29 cells. Aminoguanidine significantly suppressed NO ? production to the range 0.8-1.8 mM.
Aeromonas-induced loss of the mitochondrial membrane potential (DY m )
To determine whether Aeromonas infection caused mitochondrial dysfunction in intestinal epithelial cells, we assessed DY m using a fluorometric technique that measured the fluorescence of TMRE. We determined the fluorescence intensity at the single-cell level (Fig. 2) . The average pixel intensity for each cell was assessed. First, we determined the membrane potential in viable and apoptotic cells. The fluorescence was the highest in control, viable cells infected with E. coli K-12 C600 (Fig. 2a) in comparison with apoptotic cells incubated with cytolytic enterotoxin or A. caviae strain MPU A390 (Fig. 2b, c) . Control cells had a mean fluorescence of 7.3±1.5 FU (Fig.  2d) . Aeromonas-infected apoptotic cells showed a decline in TMRE fluorescence in comparison with controls, to the minimum level of 3.2±0.7 at 24 h. The fluorescence was Fig. 1 . Intracellular DCF fluorescence of epithelial cells after exposure to H 2 O 2 (50 or 300 mM) or cytotoxic enterotoxin isolated from A. veronii biotype sobria MPU A552, and in negative controls, infected with non-pathogenic E. coli K-12 C600. reduced to 0.86±0.2 FU in apoptotic cells at 24 h after cytolytic enterotoxin treatment. The low fluorescence intensity of the DY m -sensitive dye TMRE in Aeromonasinfected cells indicated depolarization of the mitochondrial membrane. The loss of mitochondrial function is a feature of both apoptotic and necrotic cell death (Rudel et al., 2010) .
We examined TMRE fluorescence in 25 cells in order to assess average DY m in Aeromonas-infected cells (Table 2) . Significantly, the lowest TMRE fluorescence was observed in cells incubated with the three A. hydrophila strains, seven of the nine A. veronii biotype sobria strains and four of the 19 A. caviae strains. The greatest reduction of DY m was visible as lowering of fluorescence intensity to 30±6.7 FU on 25 cells. The epithelial cells infected with E. coli K-12 C600, the non-pathogenic control, showed 290±45 FU.
The fluorescence of the cells incubated with cytolytic enterotoxin was decreased to 20±5.3 FU at 24 h. The incubation of infected cells with tocopherol significantly inhibited Aeromonas-induced production of oxygen species and gave DY m levels nearly as high as the control cells (286.9±51.9 FU, P,0.05), suggesting that the loss of mitochondrial membrane potential is a consequence of oxidative stress. Treatment with catalase and aminoguanidine reduced TMRE fluorescence by 86-91 % and 61-69 %, respectively. Preincubation with pan-caspase inhibitor (z-VAD-fmk) had no effect on mitochondrial membrane potential.
Recent studies have identified mitochondria as important regulators of apoptosis induced by pathogenic bacteria. The mechanism results in mitochondrial alterations, such as the loss of mitochondrial membrane potential (DY m ) due to depolarization of the inner membrane, production of ROS, and release of proapoptotic proteins including cytochrome c and apoptosis-inducing factor (Rudel et al., 2010; Ježek & Hlavatá, 2005) . The loss of DY m has been proposed as a constant and irreversible event of apoptosis (Niki, 2009) . In response to mitochondrial dysfunction, large pores are likely to open and mitochondrial proteins such as cytochrome c be translocated into the cytosol. Galindo et al. (2004) detected cytotoxic enterotoxin-induced apoptosis-related proteins, including mitochondrial proteins such as cytochrome c and the apoptosis-inducing factor. However, they did not detect mitochondrial membrane depolarization in response to cytotoxic enterotoxin. We found that HT29 cells exposed to Aeromonas strains or cytolytic enterotoxin showed loss of TMRE fluorescence, indicating reduced DY m . The highest depolarization was observed in toxin-treated cells. The data suggest that cytotoxic enterotoxin produced by Aeromonas strains may directly modulate mitochondrial function by depolarization of the inner membrane. The mechanism represents a novel strategy for regulation of apoptosis in host cells by bacterial pathogens (Rudel et al., 2010) . A previous study revealed that the Helicobacter pylori vacuolating cytotoxin (VacA) enters cells, targets mitochondria and causes a loss of DY m . Enteropathogenic E. coli strains inject proteins into the epithelial cells through the type III secretion system. These effector proteins include mitochondria-associated proteins (Map), which are known to target host mitochondria, where they cause damage and loss of membrane potential.
Aeromonas infection leads to apoptosis of epithelial cells
Strains of Aeromonas spp. provoked apoptosis of HT29 cells, which displayed morphological changes in monolayers, such as cell shrinkage, loss of normal cell-to-cell contacts and blebbing at the cell surface at 24 h and 48 h after infection. The apoptotic activity was expressed as the apoptotic index, which was determined by ethidium bromide and acridine orange staining and observation under a fluorescence microscope. Acridine orange permeates the cell membrane and makes the cells appear green. Ethidium bromide is only taken up by cells when cytoplasmic membrane integrity is lost, and stains nuclei red. Live cells had a normal green nucleus (Fig. 3a) , apoptotic cells displayed condensed or fragmented orange chromatin (Fig. 3b, c) , and cells that had died from necrosis were characterized by loss of membrane integrity with a structurally normal red nucleus (Fig. 3c) .
The Aeromonas strains revealed great variation in apoptotic activity at 24 h and 48 h after infection ( Table 2 ). The percentage of apoptotic cells increased at 48 h postinfection.
We also observed fragmentation of nucleosomal DNA to multimers, which are biochemical markers of apoptosis. Fourteen (45 %) strains induced a characteristic intranucleosomal pattern of oligonucleotide fragments in DNA extracted from the infected cells at 24 h (Fig. 4) . After 48 h of infection 24 strains (77 %) caused DNA fragmentation in epithelial cells (all three A. hydrophila, all nine A. veronii biotype sobria and 12 of 19 A. caviae strains). The patterns were similar to those obtained from cells incubated with cytolytic enterotoxin isolated from A. veronii biotype sobria MPU A552. DNA fragmentation was observed when the apoptotic index exceeded 54 %. The non-pathogenic E. coli K-12 C600 did not induce DNA fragmentation in HT29 cells. The Pearson linear correlation test revealed positive correlations between the apoptotic index of infected HT29 cells at 24 h and cytotoxic activity (r50.59, P,0.01) and loss of DY m (r520.43, P,0.01). After 48 h the Pearson coefficient increased for correlations between apoptotic index and loss of DY m (r520.57, P,0.01). Induction of apoptosis has been considered to be a putative virulence mechanism of bacterial pathogens that may cause tissue damage and faciliate further colonization (Dockrell, 2001) . The highest apoptotic index (above 70 %) was seen in HT29 cells infected by the three A. hydrophila strains, with enterotoxin and haemolysin genes, eight of nine of A. veronii biotype sobria with cytolytic enterotoxin genes, and four of 19 of A. caviae strains, two of which harboured enterotoxin and haemolysin genes.
To examine whether the enterotoxin secreted by A. veronii biotype sobria caused apoptosis of HT29 cells, we incubated the cells with the cytotoxic enterotoxin isolated from the culture supernatant of A. veronii biotype sobria MPU A552. The toxin was cytotoxic to the epithelial cells, killing them through apoptosis. Previously, there were no data on the role of apoptosis of epithelial cells as a mechanism of A. caviae and A. veronii biotype sobria pathogenesis. Our previous results showed that the interaction of the toxin isolated from A. veronii biotype sobria with J774 cells led to death of macrophages through apoptosis (Krzymiń ska et al., 2009a) . Galindo et al. (2006) and Falcó n et al. (2001) reported that cytotoxic enterotoxin isolated from an A. hydrophila strain induced apoptosis of human intestinal epithelial cells. They suggested that the toxin activated arachidonic acid metabolism, resulting in activation of adenylate cyclase and production of cAMP. An increase in the intracellular concentration of cAMP led to apoptosis of the cells.
The involvement of caspase activation and its effect on apoptosis of infected cells was confirmed using the pan-caspase inhibitor z-VAD-fmk. Treatment of HT29 cells with the inhibitor resulted in significant reduction of apoptotic cells, by 78.1-81.6 % (P,0.001), after 24 h. The results indicated that Aeromonas-induced apoptosis of epithelial cells is associated with the activation of caspases. Galindo et al. (2006) observed that treatment of host cells with cytotoxic enterotoxin leads to activation of caspases 3, 8 and 9.
In the present study antioxidant agents protected epithelial cells from oxidant-induced apoptosis. Treatment of the infected cells with tocopherol significantly decreased the mean apoptotic index from 48.7±6.9 % to 6.7±2.1 %. After incubation with catalase and aminoguanidine, the mean apoptotic index of Aeromanas-infected cells decreased to 11.8±4.2 and 23.1±5.1 (P,0.05), respectively. The ability of Aeromonas strains to activate ROS correlated significantly with the degree of cell apoptosis.
The Pearson linear correlation test revealed positive correlations between apoptotic index of infected HT29 cells at 24 h and ROS production (r50.77, P,0.01) and NO ? production (r50.50, P,0.01). After 48 h the Pearson coefficient increased for correlations between apoptotic index and both ROS production (r50.80, P,0.01) and NO ? production (r50.64, ,0.01). In contrast, the nonpathogenic E. coli K-12 C600 did not induce production of reactive species or trigger apoptosis.
We observed that the interaction of four of 19 A. caviae, five of nine A. veronii biotype sobria and all three A. hydrophila strains with epithelial cells led to necrotic damage. The necrotic indices ranged from 19 to 28 at 24 h and from 35 % to 49 % at 48 h. Strains of A. hydrophila and A. veronii biotype sobria are freqently the cause of necrotizing fasciitis in patients with suppressed immune system, diabetes and burns (Tsai et al., 2007) .
Concluding remarks
In summary, our results provide new insights into the pathogenesis of Aeromonas-associated gastroenteritis. The data suggest that the oxidative stress generated by ROS and nitric oxide radicals triggers the mitochondrial pathway of apoptosis to cause epithelial cell damage. Futhermore, induction of apoptosis appears to be mediated by activation of the caspase pathways. 
